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ABSTRACT 19 
The iconic Australian Genyornis newtoni (Dromornithidae, Aves) is the sole 20 
Pleistocene member of an avian clade now hypothesized to be alternatively in 21 
Anseriformes or the sister group of crown Galloanseres. A distinctive type of fossil 22 
eggshell commonly found in eroding sand dunes, has been referred to Genyornis newtoni 23 
since the 1980s. The 126 by 97 mm Spooner Egg, dated at 54.7 ± 3.1 ka by optical dating 24 
of its enclosing sediments, is a complete specimen of this eggshell type that was 25 
2  
reconstructed from fragments of a broken egg. We show that the size of the eggs from 26 
which this ‘Genyornis’ eggshell derives, either as predicted from measurements of 27 
fragments, or as indicated by the Spooner Egg, is unexpectedly small given the size of G. 28 
newtoni, which has an estimated mass of 275 kg, or about seven times the mass of the 29 
emu that has a similar sized egg. We compared the microstructure of the putative 30 
Genyornis eggshell to that of other dromornithids and a range of galloanseriform taxa 31 
using several microcharacterisation techniques . The “Genyornis’ eggshell displays a 32 
mosaic of oological characters that do not unambiguously support referral to any known 33 
modern bird. Its shell structure, coupled with chemical compounds in the accessory layer, 34 
makes it unlikely to have been laid by a dromornithid, whereas several characters support 35 
a megapode origin. A potential candidate for the bird that laid the putative ‘Genyornis’ 36 
eggs in the Pleistocene fossil avifaunal record has been ignored: Progura, a genus of 37 
extinct giant megapodes, whose species were widespread in Australia. Regression of egg 38 
size of megapodes and body mass shows that the Spooner egg approximates the expected 39 
size for eggs laid by species of Progura. We advance the suggestion that the fossil 40 
eggshell hitherto referred to Genyornis newtoni, is more likely to have been laid by 41 
species of the giant extinct Progura. As megapodes, the species of Progura were obligate 42 
ectothermic incubators, which we suggest laid their eggs into a hole dug in sand like the 43 
modern megapode Macrocephalon maleo, thus explaining the abundant ‘Genyornis’ 44 
eggshell in sand dunes. Referral of this eggshell to Progura means that the fossil record 45 
of Genyornis newtoni is limited to bones and the timing of the extinction of this last 46 
dromornithid is unknown. In addition, structural similarities of eggshell in megapodes, 47 
the putative Genyornis eggshell and dromornithids, raise the possibility that these taxa 48 
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are phylogenetically more closely related to each other than any is to anseriforms. 49 
Specifically, this means that dromornithids might be a sister group to galliforms rather 50 
than to or within anseriforms. 51 
 52 
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1. Introduction 57 
Genyornis newtoni Stirling and Zietz, 1896 was the sole Pleistocene member of 58 
the mihirung birds (Aves; Dromornithidae). The dromornithid fossil record begins with 59 
an unnamed foot mould of Eocene age, then extends from the late Oligocene 60 
Barawertornis tedfordi Rich, 1979, the oldest named species, to G. newtoni from the 61 
Pleistocene (Murray and Vickers-Rich, 2004). These iconic Australian birds reached 62 
gigantic sizes with Dromornis stirtoni Rich, 1979, and G. newtoni weighing an estimated 63 
500 and 275 kg respectively (Murray and Vickers-Rich, 2004). 64 
 Dromornithids were originally and for a long time considered to be ratites or 65 
palaeognaths (Rich, 1979), but with the discovery of cranial material, an affinity with 66 
anseriforms among neognaths was proposed by Murray and Megirian (1998). An affinity 67 
with neognaths was independently supported by Grellet-Tinner (2001), based on 68 
oological studies. An anseriform affinity was endorsed by Murray and Vickers-Rich 69 
(2004), but how dromornithids were related to, either Anhimidae, Anseranatidae, 70 
Presbyornithidae or Anatidae, was not resolved. Most recently, Mayr (2011) found that 71 
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dromornithids were the sister group to Galloanseres in a phylogenetic analysis of the 72 
relationships of major waterbird clades among Neoaves. 73 
Fossil eggshell material was first attributed to G. newtoni by Williams (1981). 74 
Williams identified two types of eggshell in Pleistocene sand dune deposits, particularly 75 
from Dempsey’s Lake, in South Australia and after identifying one as that of emu 76 
Dromaius novaehollandiae, referred the other to G. newtoni, apparently because that was 77 
the only other large bird he knew of that potentially was a member of the Pleistocene 78 
avifauna: no other taxon was considered. Ever since, this eggshell material has been 79 
referred to G. newtoni and has been the subject of comprehensive ecological and 80 
extinction studies (Miller et al., 1999; 2005). 81 
The eggshell referred to G. newtoni is easily recognized as distinct from that of 82 
emu D. novaehollandiae, even though it has a similar reported thickness, with a mean of 83 
1.15 mm, n=278 (Williams, 1981). It is externally smooth with slit like pore apertures, 84 
whereas that of emu has a characteristic crenulated external layer that persists even when 85 
significantly eroded by wind-blown sands (Williams, 1981). The egg that the putative 86 
Genyornis oological material, hereafter PGOM, derives from has been calculated to have 87 
a length of 155 mm and width of 125 mm based on measurements of curvature 88 
(Williams, 1981).  89 
In 2001, a nearly complete PGOM egg was found by Nigel Spooner near the head 90 
of Spencer Gulf, South Australia during an expedition in search of PGOM led by Gifford 91 
Miller and John Magee. It was photographed and collected in small contiguous batches 92 
that were packaged separately by Miller to aid in the egg’s reconstruction . He donated 93 
the complete collection to the South Australia Museum as the “Spooner Egg” (SAM 94 
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P.42421; Fig. 1), where it was skillfully reconstructed by Natalie Schroeder. The Spooner 95 
Egg is by far the most complete PGOM ever collected. The external morphology of this 96 
shell is similar to that described for PGOM, although its thickness, at about 1.3 mm as 97 
measured from the associated fragments, is greater than the average reported thickness of 98 
PGOM (Williams, 1981).  99 
The size of the eggs from which PGOM derives, either as predicted by Williams 100 
(1981), or as indicated by the Spooner Egg (126 by 97 mm), is unexpected small given 101 
the size of bones of G. newtoni. Comparison of the sizes of bones of G. newtoni with 102 
those of moa (Aves: Dinornithiformes) and their eggs by THW leads to the proposition 103 
that G. newtoni could be expected to lay a much larger egg, or conversely was laying an 104 
egg considerably smaller than that expected for a bird of its size. This contention has 105 
gained recent support as Chan (2014) determined that mass estimates for the bird G. 106 
newtoni, based on tibiotarsal and femoral measurements were 7.1-10.7 and 13.8-18.8 107 
times the calculated eggshell strength, which was determined as 23.6 kg using the 108 
equations for birds from Ar et al. (1979). The same equations generated a yield point for 109 
emu eggs of 16.3 kg, which, as for data from other ratites, is less than three times the 110 
mass of the incubating bird (33.3 kg): body mass in large extant ratites range 1.9-2.7 111 
times the yield point of the eggshell (Birchard and Deeming, 2009). These observations, 112 
show that PGOM, with a calculated yield point at least seven times lower than that for 113 
eggs of the nearest sized extant birds, is unexpectedly thin. However, the PGOM eggshell 114 
is not unexpectedly thin for the size of the egg, given that it derives from an egg roughly 115 
similar in size to those of D. novaehollandiae and is similarly thick, and that eggshell 116 
thickness is very strongly correlated with egg mass (Ar et al., 1974; Birchard and 117 
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Deeming, 2009). Yet, an emu eggshell consists of four structural layers with an 118 
undulating surficial ornamentation. The four layers in contrast to three for modern birds 119 
(Grellet-Tinner, 2006) plus the undulating surface of the egg adds more mechanical 120 
strength (plywood effect) to the egg. Nevertheless, it appears that the egg size for PGOM 121 
is unexpectedly small if it were to have been laid by G. newtoni. 122 
In addition, there are other eggshell materials that derive from older geological 123 
deposits (late Oligocene to Pliocene) in Australia that were probably laid by various 124 
species of dromornithids, as these are the only known birds of sufficient size to have done 125 
so. These include the Snake Dam specimen (Williams and Vickers-Rich, 1992; Grellet-126 
Tinner, 2001) and others from Lakes Ngapakaldi and Pitikanta (Williams and Rich, 1991; 127 
unpubl data): all are considerably thicker and have a markedly different external 128 
morphology to that of PGOM.  129 
Because the putative Genyornis egg is unexpectedly small for a bird of that size, 130 
we investigate the morphology of PGOM to test the hypothesis that it was laid by the 131 
dromornithid G. newtoni. We will formally assess the predicted size of eggs for G. 132 
newtoni and compare this to that of PGOM. We will compare the microstructure of 133 
PGOM with a range of microcharacterisation techniques to that of other fossil eggshell 134 
potentially from dromornithids and that of a range of galloanseriform taxa chosen to 135 
phylogenetically bracket the current understanding of the relationships of G. newtoni. 136 
From this we will reassess the identity of the bird that laid the eggs attributed to G. 137 
newtoni.  138 
 139 
2. Materials and Methods 140 
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2.1 Abbreviations 141 
Institutions: ACMM: Australian Centre for Microscopy and Microanalysis at the 142 
University of  Sydney, Sydney, Australia; AM: Australian Museum, Sydney, New South 143 
Wales, Australia; FU Flinders University Palaeontology Collection, Adelaide, South 144 
Australia; SAM: South Australian Museum, Adelaide, South Australia. 145 
 146 
Technical abbreviations: BSEM: Back-scattered electron microscopy; EBSD: Electron 147 
backscatter diffraction; EDS: Energy-dispersive X-ray spectroscopy; SEM: Scanning 148 
electron microscopy; PGOM: putative oological material from G. newtoni; BC (band 149 
contrast), a measure of the quality of the diffraction pattern at each point, showing the 150 
level of contrast within the Kikuchi bands in the patterns, where a higher value (brighter 151 
shade of grey) indicates stronger diffraction at that point; FSD (forescatter detectors), a 152 
detector system or image type generated by electrons that are scattered in a forward 153 
direction (i.e. down the tilted surface) towards detectors mounted below the EBSD 154 
detector phosphor screen. Such images reveal both topography on the sample surface and 155 
channelling contrast, in which regions with different crystallographic orientation generate 156 
different contrast levels; IPFX, a colouring scheme for orientation maps, showing which 157 
crystal direction is parallel to the Map X direction (i.e. normal to the shell surface). The 158 
associated colour scheme with each image is the key to crystal direction (e.g. if the point 159 
is coloured in red, it means that the c-axis (001) of the calcite crystal is parallel to the X 160 
direction). 161 
 162 
2.3. Fossil Material 163 
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Putative Genyornis Oological Material: SAM P.42421, the Spooner Egg, from a 164 
sand dune located near the head of Spencer Gulf, South Australia (32° S, 137° E), is a 165 
near complete egg that was collected by Nigel Spooner and reconstructed from fragments 166 
(Fig. 1). We studied with SEM a few loose eggshell fragments that belong to this 167 
specimen, but which could not be fitted into the reconstruction. 168 
Other PGOM, all Pleistocene: Dempsey’s Lake, South Australia: SAM P.19472, 169 
22485; FU 2739A-F from a sample of unassociated pieces of shell; FU2741G, H, J, part 170 
of one egg that was found still partially buried in the consolidated palaeodune; Mt Arden 171 
Station, South Australia, SAM P.41267. 172 
Indeterminate fossil eggshell, probable dromornithid: Lake Ngapakaldi, Early 173 
Miocene, SAM P.42006. 174 
Casuariidae, Dromaius novaehollandiae, Dempsey’s Lake, Pleistocene fossil, 175 
SAM P.22497; FU2740. 176 
Galliformes: Phasianidae, Lagopus lagopus, SAM B.11246; Cracidae, Crax mitu, 177 
SAM B.31344; Numididae, Numida meleagris, SAM B.37985; Megapodiidae, Alectura 178 
lathami, AM A91516-18a; Leiopoa ocellata, AM A20298d.  179 
Anseriformes: Anseranatidae, Anseranas semipalmata, SAM B.14591; Anatidae, 180 
Cereopsis novaehollandiae, SAM B.37307; Cygnus atratus, SAM B.19678. 181 
 182 
2.4. Scanning Electron Microscopy and microcharacterisations  183 
SEM observations were made on specimens mounted on aluminium stubs with 184 
carbon conductive glue and carbon tape. The oological material listed above was 185 
examined at Flinders Microscopy, Flinders University of South Australia. The specimens 186 
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were gold coated with thickness of 15 nm using a Quorumtech K757X sputter coater 187 
controlled by an internal quartz crystal microbalance. The samples were examined under 188 
a CamScan MX2500 SEM with an accelerating voltage of 5-10 keV following Grellet-189 
Tinner’s (2006) protocol, or a FEI Inspect F50 SEM with field emission electron source. 190 
SEM observations of A. lathami and L. ocellata eggshell were performed at the 191 
Australian Museum Scanning Electron Microscope facility. The specimens were gold 192 
sputter coated using an Emitech K550 coater. The samples were examined under the 193 
Zeiss Evo LS15 SEM using both the Robinson Backscatter detector and the Everhart-194 
Thornley SE detectors following Grellet-Tinner (2006) protocol. Although not 195 
representative of all the extant avian clades, the typical neonate eggshell structures 196 
observed with SEM are depicted in Fig. 2 for reference. 197 
EBSD microcharacterisations were performed at the Australian Centre for 198 
Microscopy and Microanalysis at the University of Sydney. EBSD and EDS analyses 199 
were carried out using a Zeiss Ultra Plus field emission gun SEM, equipped with an 200 
Oxford Instruments AZtec microanalysis system, including an X-Max 20 silicon drift 201 
EDS detector and a Nordlys Nano EBSD detector. The beam energy was set to 20 kV, 202 
with a beam current of 2-5 nA. EBSD data were further processed using Oxford 203 
Instruments CHANNEL5 software. Prior to microstructural analysis with the SEM, 204 
samples were polished with a 1 µm diamond paste (Trimby and Grellet-Tinner, 2011) 205 
and finished with 3-5 minutes of polishing using colloidal silica suspension (Struers 206 
OPS). The samples were then coated with approximately 5 nm of carbon to remove 207 
charging.  208 
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Micro-CT microcharacterisations were performed at the University of Sydney 209 
ACMM. The eggshell specimens were scanned using an Xradia MicroXCT-400 system 210 
operating at 55-60 keV and 127-133 mA. The specimens were mounted in low-density 211 
polystyrene to prevent movement during their 360° rotation with projections collected at 212 
0.2° intervals. System geometry and objective lenses were used to scan at a pixel 213 
resolution of 4.6 and 19 µm for MF and BT respectively. Image stacks were rendered 214 
using Avizo Fire (VSG|FEI Visualization Sciences Group) as well as the internal pore 215 
networks labelled using thresholding techniques. Pore volume calculations were obtained 216 
by running a material calculation on the samples, with each voxel being assigned to one 217 
of the categories, pore, shell or exterior (air), based on grey level/x-ray absorption. 218 
 219 
2.5. Optical Dating of the “Spooner Egg” 220 
The Spooner Egg was discovered weathering out from a finely stratified sand 221 
exposure at the edge of a deflation feature in a sand dune. The site lacked any datable 222 
material other than the eggshell itself and the host sediment, which was composed largely 223 
of very fine to fine sand-sized quartz grains. The egg was in clearly recognisable form, 224 
consisting of contiguous fragments of 1–2 cm size, approximately two thirds still in situ 225 
and in close contact separated only by crazing. The remaining third had been displaced 226 
by erosion sufficiently to dislodge and fall down the shallow deflation slope, localising 227 
within 10-20 cm of the rest of the assemblage. As such, the egg was preserved in an 228 
essentially uncrushed but fractured form precluding the possibility of reworking and 229 
bioturbation of the surrounding sediment, hence it is reasonable to infer that the 230 
sediments and egg were coeval. 231 
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The burial age of the egg was measured using the Optical Dating technique 232 
(Huntley et. al., 1985; Aitken 1998) applied to quartz grains extracted from the burial 233 
sediment. Optical Dating provides the sole chronology for this specimen as no fragments 234 
were submitted for C-14 dating or other destructive analyses given the uniqueness of this 235 
specimen, which at writing remains the only reconstructed putative Genyornis egg. 236 
Furthermore, field assessment suggested that the egg lay beyond the datable range for C-237 
14. 238 
Age evaluation by optical dating requires measurement of the optically-stimulated 239 
luminescence (OSL) that has accrued since the sediment grains were last exposed to light, 240 
and the calibration of the OSL using known laboratory radiation doses to determine the 241 
radiation dose accrued since burial, termed the palaeodose, (P). The environmental dose-242 
rate must also be evaluated, from the concentrations of radioisotopes in the burial 243 
material and the dose-rate resulting from cosmic rays. 244 
 245 
2.5.1 Sample collection 246 
Following collection of the eggshell fragments, the sediment sample for optical 247 
dating was collected in a stainless steel coring tube driven directly into the sediment 248 
freshly-exposed by removal of the egg. The tube contained sufficient sediment for in situ 249 
water content measurement and to provide splits for laboratory assay of the soil 250 
radioisotope (U, Th and K) concentrations. On removal of the coring tube, the hole was 251 
deepened and a portable NaI gamma-ray spectrometer measured the in situ gamma-ray 252 
spectrum for subsequent gamma-ray dose-rate calculation. 253 
 254 
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2.5.2 Sample preparation and palaeodose measurement: 255 
In the laboratory, the “as-collected” water content was measured to enable 256 
calculation of the dry-soil gamma-ray dose-rate from the NaI spectrometer data. Quartz 257 
grains of 90-125 µm were then extracted from the sediment under low-intensity red light 258 
in a procedure involving sequential HCl acid digestion, dry sieving, heavy liquid flotation 259 
(retaining < 2.68 g cm-3 fraction), etching in 48 % HF acid for 40 minutes, to remove the 260 
outer 6-8 µm alpha-particle irradiated layer of each quartz grain, and finally washing in 261 
HCl acid. 262 
Approximately 5-6 mg of etched quartz grains were then attached by silicone oil 263 
to the central 7 mm diameter of 128 stainless steel sample discs (“aliquots”) and OSL 264 
measurements performed using an Elsec Type 9010 automated OSL reader. Optical 265 
stimulation was by 500 ± 80 nm light from a halogen lamp, UV OSL emissions were 266 
detected by an EMI 9235QA bialkali photomultiplier tube optically filtered by one 3 mm 267 
Schott UG 11 filter plus one 3 mm Hoya U 340 filter. Laboratory irradiations were 268 
administered using an Elsec 9022 automated irradiator with a calibrated Sr90/Y90 beta 269 
particle source, at a dose-rate of 0.042 ± 0.001 Gy/s. 270 
An additive dose growth curve was constructed using 64 aliquots, each receiving 271 
various incremental radiation doses, and a regenerative dose growth curve constructed 272 
similarly, but with doses administered following erasure of the natural OSL by bleaching 273 
under a halogen lamp. These growth curves were combined to evaluate P using the 274 
“Australian Slide” Method (Prescott et al., 1993), using a linear plus single saturating 275 
exponential fit with scale factor = 1.00; the composite growth curve is shown in Fig. 3. 276 
Further details may be found in Spooner et al. (2001). 277 
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 278 
2.5.3. Environmental Dose-rate  279 
The U, Th and K concentrations in the bulk sediment were measured by neutron 280 
activation analysis and delayed neutron activation (NAA/DNA) at the Becquerel 281 
Laboratories, Lucas Heights Science and Technology Centre, Sydney, Australia. U and 282 
Th were also measured using induction-coupled plasma mass spectrometry (ICPMS) at 283 
the Research School of Earth Sciences, Australian National University (ANU), Canberra, 284 
Australia, and K was calculated from measurements of K2O by x-ray fluorescence (XRF) 285 
at the Department of Geology, ANU, Canberra. The concentrations of alpha-particle 286 
emitting radioisotopes within the etched quartz grains were measured using ICPMS, and 287 
the efficiency with which internal alpha-particle irradiation induced OSL was assumed as 288 
0.05 ± 0.02, following Questiaux (1990). 289 
The data for each radioisotope were added in quadrature to provide the bulk 290 
sediment assays for U, Th and K, and the dose-rates from alpha and beta particle 291 
irradiation were calculated from these mean values. The in situ gamma-ray spectrometry 292 
data was used to calculate the gamma-ray dose-rate only. Cosmic ray dose-rates were 293 
calculated using the data of Prescott and Hutton (1994), making allowance for site 294 
altitude, geomagnetic latitude and time-averaged thickness of sediment overburden. 295 
Long-term water content was estimated from measured values and reconstructions of the 296 
landscape history and topographic position with uncertainties sufficient to accommodate 297 
all likely possibilities. 298 
 299 
 300 
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3. Results 301 
3.1. Estimated size of an egg laid by G. newtoni 302 
 The mass of G. newtoni has been estimated based on a variety of techniques to be 303 
in the range 250-350 kg, or about 275 kg (Murray and Vickers-Rich , 2004: 211). This is 304 
somewhat less than that obtained by Chan (2014) based on femora (327-444 kg) but 305 
similar to that he found based on tibiotarsi measurements (168-253 kg). In that regard, 306 
Murray and Rich (2004) noted that dromornithid femora are relatively thin-walled bones 307 
and this feature may relate to their relatively greater shaft diameter compared to that of 308 
the lower leg elements, and thus mean that standard algorithms based on femora will lead 309 
to over estimates of mass. Regardless, a comparison of the femora for G. newtoni and 310 
Dromaius novaehollandiae (Fig. 3) shows their tremendous size disparity, which 311 
assuming the lower mass estimate from Chan (2014) are correct, are still 4.5 - 6.8 times 312 
the average mass of an emu, which is 37 kg for the larger females (Marchant and 313 
Higgins, 1990). Because bird weight is strongly correlated to its egg size (e. g., Birchard 314 
and Deeming, 2009; Dyke and Kaiser, 2010) the predicted size of a G. newtoni egg can 315 
be calculated with confidence. Dyke and Kaiser (2010) presented equations that relate 316 
body mass to egg mass for both precocial and altricial birds. Given that a flightless bird 317 
would necessarily produce precocial chicks, we used the equation for precocial birds 318 
(Log egg mass = -0.164615 + 0.6451872 x log body mass), where mass was in grams. 319 
 Inserting 275 kg into this equation, as the average mass for Genyornis from 320 
Murray and Vickers-Rich (2004), the predicted egg mass is 2212 grams: in contrast using 321 
37 kg, or the mass of an emu, produces a predicted egg mass of 606 g, which is 322 
essentially the same as the average mass of an emu egg (Marchant and Higgins, 1990). 323 
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Using the lower mass estimate of 168 kg for Genyornis from Chan (2014) gives an 324 
estimate of 1609 grams for its egg, some three times more mass than that of an emu. The 325 
regression equation for altricial species gives much higher estimates of egg mass, as the 326 
regression slope for altricial birds is steeper and the fitted line crosses that for precocial 327 
birds. 328 
 These calculations suggest that G. newtoni should lay an egg much larger than 329 
that of D. novaehollandiae. Furthermore, the pelvis of G. newtoni is large and in 330 
proportion to its leg bones as expected. Stirling and Zietz (1913) described a near 331 
complete specimen as 635 mm long, roughly twice the size of an emu pelvis, and the 332 
image of a ventral view of a pelvis in their Plate XXXIX shows that it is not internally 333 
narrow and that likely the bird could have passed an egg c. 15 cm in diameter. 334 
 335 
3.2. The Spooner Egg and PGOM external morphology 336 
SAM P.42421 derives from Pleistocene dunes about 10 km from Dempsey’s 337 
Lake, the location from which Williams (1981) and Williams and Rich (1991) studied the 338 
PGOM material. The Spooner Egg is 99% complete (Fig. 1), with only a few fragments 339 
unable to be fitted into the egg. Therefore, its shape, breadth, and length can be 340 
considered genuine and provide a solid basis for observations. The egg has a length and 341 
breadth of 126 by 97 mm. It is therefore, shorter and slightly wider, but of comparable 342 
volume (Fig. 1) to eggs of Dromaius novaehollandiae (emu), that average 134 mm by 90 343 
mm, n=32 (Williams, 1981) or 130.3 mm (range 125.5–138.5 mm) by 89.6 mm (81.9–344 
93.4 mm), n=17 (Marchant and Higgins, 1990).  345 
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Ten SAM P.42421 (PGOM) eggshell fragments, measured with a dial caliper 346 
accurate to 0.02 mm had a mean thickness of 1.29 mm, standard deviation 0.01, and 347 
range 1.28-1.31 mm. Williams (1981) reported the thickness of shell referred to 348 
Genyornis as 1.15±0.12 mm, but no range was given, precluding knowing maximal and 349 
minimal thicknesses. To compare our data, we measured samples from the same lots that 350 
Williams used as follows: SAM P.19472 had a mean of 1.28 mm, range 1.24-1.35 mm, 351 
n=13; SAM P19456 had a mean of 1.21 mm, range 1.05-1.36 mm, n=16, and SAM 352 
P.22485, a mean of 1.03 mm, 0.95-1.11 mm, n=17. Therefore, SAM P.42421 has a 353 
thickness for its shell concordant with that of shell attributed to Genyornis by Williams 354 
(1981). The thinner shell in these lots appears to be more polished, probably by greater 355 
exposure to the effects of wind-blown sand, than the thicker pieces. The thicker pieces 356 
are also not as bleached indicating less time in the open, concordant with this idea. 357 
However, SAM P.42421 reveals an egg with smaller dimensions than those calculated 358 
from curvature by Williams (1981). He calculated length at 155 mm and width at 125 359 
mm, which now can be seen as a significant over-estimate. Therefore, the Spooner Egg is 360 
representative of the PGOM identified by Williams (1981), but its size and volume are 361 
considerably smaller than the expected dimensions of a G. newtoni egg. 362 
FU2741 is a sample of PGOM, from dunes at Dempsey’s Lake that although 363 
broken and collapsed before or during burial, had only been partly exposed to wind-364 
blown sand erosion before collection. The outer surface of the pieces that were exposed 365 
are smooth (Fig. 4), shiny and display ubiquitous slit-like pore apertures (Fig. 4), as 366 
above-described and typical of PGOM material described by Williams (1981) and 367 
Grellet-Tinner (2006). Measurements of thickness from 40 fragments from FU2741 had a 368 
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mean thickness of 1.24 mm, standard deviation of 0.058, and a range 1.12 to 1.38 mm 369 
and so are comparable to SAM P.42421.  370 
However, the outer surface of the material found within the sand matrix is rough 371 
(Fig. 4) and does not display any pore apertures, although as seen below they are present. 372 
These variations are correlated to the differential exposure to erosion by wind-blown 373 
sand, whereas the rough surfaced eggshells are thicker than those that are smooth and 374 
conceal the pore apertures located atop layer 3. These observations allow the conclusion 375 
that the PGOM that has been described to date (Williams, 1981; Grellet-Tinner, 2006) is 376 
actually partially eroded and its outer-most surface polished with the resultant loss of 377 
surface features originally present in unaltered PGOM material. Hence, the original rough 378 
outer surface has remained unreported until the present study. 379 
 380 
3.3. The OSL age of the Spooner egg  381 
The age for the Spooner Egg was found to be 54.7 ± 3.1 ka (Table 1)using the 382 
AGE program of Grün (1999) and incorporating the dose-rate conversion factors of 383 
Adamiec and Aitken (1998) . 384 
 385 
3.4. Characterization and micro-characterizations of the structure of PGOM 386 
The bulk of the examined PGOM material was recovered from the Pleistocene 387 
exposures near Port Augusta, South Australia, see Materials above. The eggshell 388 
microcharacterisations were performed with samples of the Spooner Egg SAM P.42421 389 
and SAM P.19472, SAM P.22485, FU2739 and FU2741. The eggshells all display the 390 
same external and internal structures as those from the Spooner Egg.  391 
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SEM images of cross sections of the specimens from the Spooner Egg SAM 392 
P.42421 display three distinct structural layers (See Material and Method Section for 393 
eggshell structural components) totalling 1.32 mm in thickness and a weakly-defined 394 
nodular surficial ornamentation (Fig. 5). The nodes reach 25 microns in height (Fig. 5) 395 
and the maximum width of layer 3 is 80 microns or 8% of shell thickness. The 396 
depressions in between the nodules harbor pore apertures (Fig. 5) that are slit-like and 397 
often paired, when observed in tangential view. Pore canals are numerous and quite 398 
ubiquitous (Fig. 5). Most originate between the surficial nodules. They are paired and 399 
coalesce at the level of layer 3 or in the uppermost section of layer 2 giving them a Y-400 
shaped configuration visible by micro-CT observations (Fig. 6). The Y-shaped canals are 401 
not wider than any of the two merging branches. In addition, these lower sections transect 402 
perpendicularly the eggshell thickness and are often paired and parallel to each other as 403 
they reach the shell membranes (Fig. 6). However, because these fragments have some 404 
consolidate on them, presumably applied during reconstruction of the egg, they were only 405 
used to validate the identity of the reconstructed egg with other PGOM material. 406 
SEM observations of other well preserved samples revealed three structural layers 407 
(layers 1-3) and an accessory layer as follows. FU2739 had a total thickness also of 1.24 408 
mm. Layer 1 is c.500 µm (40% thickness) consists of elongated and blade-shaped calcite 409 
crystals that extend from smaller sized crystals radiating from nuclei located above the 410 
fossilized shell membrane visible in the best-preserved specimens. The base of the shell 411 
units average 70 µm in width and are separated from each other by well-defined round 412 
pore apertures that form a horizontal network parallel to and above the shell membranes. 413 
Most of the vertical pore canals, as above-described, abut into this basal canal network. 414 
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Layer 2 is on average 640 µm (52%) thick and is the most conspicuous of the three 415 
layers. Layer 3 appears to be only 90 µm (c. 7%) thick including the low nodular 416 
ornamentation. Layer 3 is blanketed by a relatively thick (c. 15 µm) accessory layer (= 417 
cuticle) of rounded structures up to 1 µm diameter that are generally not spherical. The 418 
granular structures are contained in an amorphous porous matrix. FU2741 is also 1.24 419 
mm thick and shows all the features seen in FU2739: Layer 1 is c. 550 µm (44% total 420 
thickness), Layer 2 is 535 µm (43%), layer 3 is 135 µm (11%), and an accessory layer is 421 
up to 15 µm thick (Fig. 7). 422 
Delimitation of the three layers with SEM observations and hence obtaining their 423 
measurements are not as simple as using EBSD because the C-axes of the three structural 424 
layers are orientated similarly. As such, the layer delimitation rests only on the chance of 425 
having a perfect fracture of the sample that will reveal the three layers based on the 426 
minute differences of their cleavage directions. Therefore, we also characterized the 427 
structure using EBSD observations as follows. Samples from FU2741 are particularly 428 
well preserved and there is no indication in the EBSD results for diagenesis that 429 
otherwise would be expressed in strikingly different colour and patterns, thus indicating 430 
that the internal shell structure is original. The FU2741 shell cross section is divided into 431 
three structural layers totalling 1.24 mm thick. The innermost layer shows distinct 432 
eggshell nuclei units that are regularly spaced, with calcite grains radiating outwards in a 433 
semi-fan-like structure (Fig. 8). This structure forms Layer 1 for approximately 555 µm 434 
(c. 45% shell thickness), before a gradual transition to a second layer. Layer 2, 535 µm 435 
thick (43%), is characterized by elongate grains extending outwards towards the external 436 
surface of the shell, with a dominant calcite crystal orientation of the c-axis aligned 437 
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perpendicular to the outer surface. The boundaries between the grains in layer 2 are 438 
irregular (black lines EBSD), with many small lateral offsets. The boundary between 439 
layer 2 and layer 3 is relatively indistinct, thus making it nearly invisible in SEM 440 
according to the way the specimen is fractured and orientated in respect of the secondary 441 
electron beam. Layer 3 appears to be 148 µm thick (c. 11%) and is covered by an 442 
accessory layer and low relief nodule-like structures (Table 2). 443 
Therefore, SEM observations complemented with EBSD microcharacterisations 444 
of the better-preserved samples from FU2739 and 2741 reveal that PGOM eggshells 445 
consist in reality of four layers, three of which are structural, and an outer accessory layer 446 
that until now has not been described. This accessory layer is 10 to 15 µm thick and 447 
consists of micron-size rounded non-spherical structures (Fig. 8). SEM combined with 448 
EBSD and EDS microcharacterisations indicate that the primary components of this layer 449 
are calcium and phosphate (Fig. 8) and contrast to the calcitic eggshell in layers 1 to 3. 450 
While noticeable in SEM, BSEM views and EDS images, this layer is totally invisible in 451 
EBSD due to its amorphous make up (Fig. 8). Therefore, the term ‘accessory’ (or cuticle) 452 
is justified to distinguish it from the structural layers 1 to 3 normally present in birds, and 453 
from structural layer 4 in Dromaius (Grellet-Tinner, 2006). This accessory layer, when 454 
present masks and fills all the pore apertures, and the depressions between the nodular 455 
eminences, concealing their shapes and relative surficial positions (Fig. 7).  456 
EDS examinations revealed that FU2739 and FU2741 have aluminium and 457 
silicate in both the accessory layer and in between the mammillae. EDS observations of 458 
FU2741 identified that in addition to phosphate, there is also a weak concentration of 459 
magnesium (Fig. 8) in the accessory layer and in the mammillae.  460 
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 461 
3.5. Dromornithid eggshells from Pre-Pleistocene deposits in Australia 462 
Although none of the following fossil eggshells have been positively identified by 463 
the presence of embryos in ovo, they were examined and compared with PGOM material 464 
because of their probable dromornithid affiliation. The late Oligocene (26-24 Ma) 465 
Etadunna Formation at the Snake Dam site has produced one specimen (University of 466 
California at Riverside 17877) that is 4 mm thick and which likely belongs to a large 467 
dromornithid (Williams and Rich, 1991; Grellet-Tinner, 2001). In addition to its much 468 
greater thickness, it differs markedly from PGOM material by the presence of a highly 469 
crenulated outer surface with fissures extending through near a third of thickness. 470 
Williams and Rich (1991) estimated the Snake Dam egg to have been 32-42 cm long and 471 
24-29 cm wide and to have weighed more than an elephant bird egg (Grellet-Tinner, 472 
2001).  473 
Other relatively thick eggshell is also known from Lake Pitikanta and Lake 474 
Ngapakaldi in South Australia from the Ngapakaldi LF that is c. 25 Ma old (Megirian et 475 
al., 2010). Bones of dromornithids about the size of Genyornis and larger are known from 476 
the avifaunas of similar age from Riversleigh (Archer et al., 2006; Worthy et al., in press) 477 
and from the slightly younger Kutjamarpu LF at Lake Ngapakaldi (Rich, 1979). Shell 478 
fragments from Lake Pitikanta have the following thicknesses: SAM P.36597 - 2.18, 479 
2.03, 1.76 mm; SAM P.36598 1.96, 1.80, 1.99, 1.98 mm; SAM P.36599, 1.87, 1.70, 1.98 480 
mm. Two fragments from Lake Ngapakaldi, SAM P.42006, are 1.86 and 1.94 mm thick 481 
(Fig. 9): all have a crenulated outer surface, one more obviously so than that of PGOM. 482 
We examined a sample from SAM P.42006 collected at Lake Ngapakaldi. It has a 483 
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maximum thickness on a freshly broken edge of 1.86 mm and the external surface is 484 
smoothly undulating with 3-5 pore openings grouped together in hollows. The pore 485 
clusters are separated by elevated smooth zones wider than the hollows and the clusters 486 
are randomly distributed over the surface (Fig. 6). There is no indication in the EBSD 487 
results (Fig. 9) for diagenesis in SAM P.42006, hence indicating that its internal structure 488 
is original. The SAM P.42006 shell cross section reveals three structural distinct layers in 489 
SEM images (Fig. 9), FSD and BC microcharacterizations. The innermost layer 1 lacks 490 
most of the nuclei of the eggshell units, except for one seen in the left corner of Figure 9. 491 
One of the possible explanations, besides erosion of the fragment, is that the egg the shell 492 
belonged to had hatched and that the mammillary tips had been resorbed during 493 
embryogenesis. As such, only the outer sections of the fan structures that normally 494 
surround the nuclei or mammillary tips remain here from layer 1. This explains why layer 495 
1, at 620 µm thick, is surprisingly thin (34%) for this 1.82 mm thick eggshell. Layer 1 496 
gradually transitions to the much thicker layer 2 (930 µm, 52%) that is characterized by 497 
elongate grains extending outwards towards the external surface of the shell, with a 498 
dominant calcite crystal orientation of the c-axis aligned perpendicular to the outer 499 
surface (Fig. 9). The crystals in layer 2 are extremely thin and long, but not columnar, 500 
and the boundary with layer 3 is relatively indistinct. Layer 3 does not exceed 255 µm 501 
(13%). In addition to layers 1 to 3, SEM and FSD imaging indicated the presence of a 502 
thin (6-8 µm) accessory layer consisting of nanospheres that also infilled the pore 503 
apertures. The thinness of this layer is probably related to erosional process given the 504 
specimens are surface finds, but the extent of such erosion is unknown. As for the PGOM 505 
fossil specimens FU2739 and FU2741, EDS observations revealed a concentration of 506 
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aluminium and silicates on the shell surfaces, which is congruent with its fossilization in 507 
siliciclastic sediments. Magnesium is also present on both inner and outer surfaces of the 508 
shell. There is no phosphate in the accessory layer, in contrast to its presence in PGOM. 509 
But SAM P.42006 is characterized by a strong sulphur signal, which is unusual. 510 
Micro-CT examinations of SAM P.42006 reveal a considerable number of pore 511 
canals that transect directly the entire eggshell thickness (Fig. 6). The majority stem from 512 
pairs of pore apertures on the surface that connect to each other forming a Y shape, which 513 
internal stem is nearly twice as wide as that of each branch of the Y. Although most of 514 
the connections occur in layer 3, a few take place in layer 2. Concordant with the 515 
clustering of pore apertures on the surface, often two or more Y-shaped pores clustered 516 
together. 517 
In summary, these observations show that apart from being markedly thicker than 518 
PGOM, yet derived from Genyornis-sized mihirung birds from Oligo-Miocene South 519 
Australian localities, SAM P.42006 also differs in its more clumped arrangement of 520 
pores, wider primary pore canals, and the absence of phosphate but presence of sulphur in 521 
the accessory layer. 522 
 523 
3.6. Microstructure and elemental distributions in extant Galloansere taxa 524 
We sampled oological specimens of all major clades of Galliformes (Numida 525 
meleagris, Lagopus lagopus, Crax mitu, and the megapodes L. ocellata and A. lathami) 526 
and of Anseriformes (Anseranas semipalmata and the basal anatids Cereopsis 527 
novaehollandiae, and Cygnus atratus). Observations on relative thickness of layers 1 to 528 
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3, the presence and form of the accessory layer, and its morphology are given in Table 2 529 
and shown in Figure 10.  530 
Some general observations of these data are pertinent to interpreting the 531 
relationships of PGOM. Of all galloanseres examined only Anseranas approaches PGOM 532 
in having a very thin layer 3 relative to total shell thickness (12% versus 11% although 533 
some SEM observation for PGOM ranged down to 7%). The dromornithid SAM P.42006 534 
had a similarly thin layer 3, especially given that allowing for the missing component of 535 
layer 1 would necessarily reduce the relative thickness of layer 3. Megapodiids and Crax 536 
were next closest (14-18%), but more derived galliforms and anatids had a relatively 537 
thicker layer 3. While PGOM had rough equality of thicknesses for layers 1 and 2 as did 538 
Alectura, in Anseranas and Cygnus, layer 1 was much thinner than layer 2, and in another 539 
megapode, Leipoa and in other galliforms and anatids, layer 1 was markedly thicker than 540 
layer 2. All extant galloanseres examined had the alignment of the C-axis in layer 2 541 
divergent from that of layer 1, whereas in PGOM and the dromornithid the alignment of 542 
the C-axis was similar in both layers. Anseriforms and galliforms both included species 543 
with either smooth or low nodular undulating surfaces such as typified that of PGOM. 544 
An accessory layer comprised of nano-scale spherical or subspherical particles, 545 
that filled surface depressions and pore apertures, was found in most galloanseres 546 
examined. As a percentage of total shell thickness, the accessory layer was thickest in 547 
megapodiids (5.5-6%) but was up to 6% in Anseranas where it overlay hollows on the 548 
surface of layer 3. The inorganic and mineralized accessory layer was only absent in 549 
Lagopus and its absence is obvious because the pore apertures are easily observable 550 
under low magnification. The phosphate structures in the accessory layer range from near 551 
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spherical and even sized (Anseranas, megapodiids, Numida) to angular shapes of 552 
irregular sizes (PGOM, Cereopsis, Crax) thus not displaying any pattern concordant with 553 
phylogeny. Similarly, the presence of magnesium or sulphur in the accessory layer was 554 
not correlated with phylogenetic relationships. In contrast, pore canals with a Y-shape 555 
and slit-like apertures to the pores were present in only megapodiids, PGOM and SAM 556 
P.42006.  557 
 558 
4. Discussion 559 
The assignment of the abundant Pleistocene oological material to G. newtoni by 560 
Williams (1981) was not based on the presence of embryos in ovo, but rather on the idea 561 
that this species was the only other giant bird known from this period apart from the emu 562 
D. novaehollandiae. Historically, such associations have often proven to be incorrect 563 
(Grellet-Tinner and Makovicky, 2006; Grellet-Tinner et al., 2006), hence the identity of 564 
the Putative Genyornis Oological Material (PGOM) as G. newtoni is questionable. We 565 
have therefore assembled data to assess whether the PGOM truly belongs to G. newtoni, 566 
another dromornithid, or an extinct bird from a different clade. 567 
We report here an important new specimen of PGOM, a whole egg (SAM 568 
P.42421) that is 54.7 ± 3.1 ka year old, and characterize the structure of the PGOM 569 
currently referred to G. newtoni (Dromornithidae) using it and other samples. The egg 570 
has a length and breadth of 126 by 97 mm and the shell of it and other well-preserved 571 
samples of PGOM had a mean thickness of 1.24 mm, and a range 1.12 to 1.38 mm. This 572 
is comparable to the material Williams (1981) used to calculate an egg length of 155 mm 573 
and width of 125 mm, but these can now be seen as significant over-estimates. We used 574 
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algorithms relating body mass to egg mass and found that the size of the egg G. newtoni 575 
could be expected to lay was 2.65-3.65 times that of the emu Dromaius novaehollandiae 576 
(606 g). The egg represented by PGOM is actually comparable in size and volume to the 577 
egg of an emu (Figure 1), so its size and volume are considerably smaller than the 578 
expected dimensions of a G. newtoni egg.  579 
In seeking which bird may have laid PGOM, several lines of evidence were 580 
examined. Moreover, as dromornithids are currently considered to be anseriforms most 581 
closely related to Anseranas or Anhima, within the larger clade of Galloanseres (e.g., 582 
Murray and Vickers-Rich, 2004), we compared the PGOM eggshell to that from a range 583 
of galloanseres that phylogenetically bracket this assessment. 584 
 585 
4.1 Presence of an accessory layer 586 
The PGOM in well-preserved, or uneroded specimens, is here shown to have a 587 
well-developed amorphous accessory layer comprised of calcium phosphate rounded 588 
non-spherical structures embedded in a porous amorphous matrix up to 10-15 µm thick. 589 
This layer fills hollows in layer 3 and pore apertures. The accessory layer is an outer non-590 
structural layer on eggshell that is usually very thin and non-crystalline. Accessory layers 591 
with vaterite (Tullett et al., 1976) or a waxy covering (Thompson and Goldie, 1990) are 592 
quite common, but to date, a mineralized one made of calcium phosphate nanospheres 593 
has only been recognized in a few bird species (Board and Perrott, 1982; Board et al., 594 
1982, 1984; D’Alba et al., 2014), for example, in L. ocellata, by Board et al. (1982) and 595 
D’Alba et al. (2014) and for A. lathami by Grellet-Tinner et al. (in prep). The grebes and 596 
flamingos eggs are also known for this amorphous surficial covering with calcium 597 
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phosphate nanospheres (Tullett et al., 1976; Board et al., 1984) and according to Board et 598 
al. (1982), Guinea fowl Numidia meleagris was the only galliform other than the two 599 
megapodes (L. ocellata and A. lathami) to possess such an accessory layer. However, 600 
while we confirm the presence of an accessory layer in Numida and the megapodes, our 601 
present observations and comparisons revealed a well-developed one in all other 602 
galloansere species examined except the phasianid Lagopus lagopus, namely Anseranas 603 
semipalmata, Cereopsis novaehollandiae, Cygnus atratus, and Crax mitu. Thus an 604 
accessory layer comprised of calcium phosphate nanospheres or subspherical particles is 605 
widespread among basal galloanseres. 606 
The accessory layer in PGOM is, relative to shell thickness, thinner than in 607 
megapodes and differs by being composed of subangular particles of irregular size, such 608 
as also seen in Cereopsis and Crax, rather than spherical bodies of consistent size of other 609 
taxa. We note, however, that the preparations of Board et al. (1984), where the shell was 610 
boiled in 5% NaOH, likely partially removed the matrix around the structures so 611 
accentuating their spherical nature, but nevertheless, the structures are notably spherical 612 
in shape in the grebe, Anseranas, Numida and megapode eggs (D’Alba et al., 2014; 613 
Grellet-Tinner et al., in prep). The observation that the micron-sized structures in the 614 
accessory layer of PGOM are of irregular and non-spherical shape is thus a significant 615 
departure from their form in mound-building megapodes. Among all the reported species 616 
with such an accessory layer, L. ocellata and A. lathami have the thickest, one which 617 
accounts for 5-6% of the shell thickness (Grellet-Tinner et al., in prep; Table 2), but that 618 
of Anseranas may be nearly as thick over the hollows on the surface of layer 3.  619 
28  
Interestingly, this accessory layer has antimicrobial properties that prevent 620 
infection of the developing embryos in the wet nesting environments (D’Alba et al., 621 
2014). Because of its super hydrophobicity and high contact-angle-hysteresis properties, 622 
this surficial layer allows water droplets to remain pinned to the surface and thus not roll 623 
off and moreover it traps condensed water at discrete points, preventing it from spreading 624 
uniformly over the surface and thereby inhibiting biofilm formation (D’Alba et al., 2014). 625 
This property is closely related to the spherical nature of the calcium phosphate structures 626 
that comprise the amorphous matrix. Its presence in basal anseriforms (Anseranas and 627 
anserines) may relate to the relative high humidity of nests, e.g. Anseranas lay eggs 628 
during the wet season in nests at a low height above water and so are in extreme humid 629 
environments (Whitehead and Tschirner, 1990) and Cereopsis nests average 51-62% 630 
humidity (Wagner and Seymour, 2001), the same as in most waterfowl (62%, Afton and 631 
Paulus, 1992). Numida meleagris nest in shallow scrapes on the ground that may be lined 632 
or unlined, and Board and Perrott (1982) suggested that the accessory layer, by providing 633 
a plug blocking pore apertures, protected these from being blocked by dirt and grease that 634 
accumulated during incubation. Simultaneously, this accessory layer would have 635 
conferred antimicrobial properties as advanced for megapodes by D’Alba et al. (2014). 636 
Cracids live and nest in tropical rainforests so the eggs are potentially in humid 637 
environments, and while we are not aware of data on their nest humidity, the accessory 638 
layer potentially protected the egg through its antimicrobial properties. While eggs are 639 
deposited underground by megapodes in a seemingly totally different environment to that 640 
of other galloanseres, this subterranean environment is humid and thus bacterial growth is 641 
an issue that the accessory layer provides protection against. Moreover, as calcium 642 
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phosphate is less soluble than calcite, the thick accessory layer in megapodes potentially 643 
provide additional protection against etching by humic acids that will be encountered in 644 
the soil. A convergent presence of a similar accessory layer in eggs of grebes and 645 
flamingoes (Mayr, 2004) is thus also well explained by the need for antimicrobial 646 
properties given their nesting environment, respectively of floating nests or mud nests, in 647 
lacustrine situations. Considering both the functional morphology and chemical 648 
properties of such a layer, its well-developed nature in PGOM implies that it was 649 
protecting the egg from some environmental stress by simultaneously providing 650 
protection from, bacterial invasion, soil acids, and dehydration.  651 
 652 
4.2 A unique nodular surface to Layer 3 653 
PGOM displays a low undulating nodular surface to the exterior of layer 3. While 654 
such surficial ornamentation on layer 3 is rare in extant birds (Grellet-Tinner et al., in 655 
prep), it is widespread in galloanseres including the megapodes A. lathami and L. 656 
ocellata, other galliforms (Crax), and some anseriforms (Anseranas, Cereopsis), see 657 
Table 2, a distribution that suggest that it may reflect the plesiomorphic condition in 658 
galloanseres. Its presence in PGOM and in SAM P.42006 may therefore be expected if 659 
both are from galloansere taxa. Simultaneously, it strongly suggests that nesting 660 
strategies, either involved elevated relative humidity or the need to facilitate gaseous 661 
exchange through the shell, as do the nesting behaviours of megapodes.  662 
 663 
4.3 Comparison of the distribution of Mg, S, and P in PGOM and galloanseres 664 
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All examined galloanseres had phosphorus in the form of calcium phosphate in 665 
the accessory layer, except Lagopus, which lacked a mineralized cuticle. However, the 666 
non-mineralised cuticle of Gallus and partridge is high in phosphorus (Cusack et al. 667 
2003). 668 
The presence of magnesium and sulphur in the accessory layer also showed no 669 
pattern related to phylogeny (Table 2). Magnesium is present in both mammillary cone 670 
tips of layer 1 and in the accessory layer in the dromornithid SAM P.42006, PGOM, the 671 
two megapodes, A. semipalmata, C. novaehollandiae, C. mitu, L. lagopus and N. 672 
meleagris. The distribution of magnesium in eggshell of A. semipalmata and C. 673 
novaehollandiae does not support Board et al.’s (1982) original statement that only 674 
Galliformes have magnesium in both shell regions: he surveyed more than 60 species 675 
from 19 orders other than Galliformes, finding magnesium was limited to layer 1 and 676 
deposited between the mammillae. The presence of magnesium in the accessory layer in 677 
galliforms, Anseranas, and the basal anatid Cereopsis, suggests that this is the 678 
plesiomorphic condition of galloanseres. If so, it has been lost in the majority of anatids. 679 
Thus, whether dromornithids were basal galloanseres (Mayr, 2011) or sister to 680 
Anseranatidae (Murray and Vickers-Rich, 2004), magnesium would be expected in the 681 
accessory layer. Magnesium also occurs convergently in the accessory layer in other 682 
disparate avian groups, e.g. in flamingoes (Phoenicopteriformes) further negating its 683 
usefulness as a phylogenetic indicator. 684 
Sulphur may be both present or absent among either anseriforms or galliforms and 685 
so its absence in PGOM is uninformative concerning broader relationships. 686 
 687 
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4.4 Comparisons of PGOM and Early Miocene SAM P.42006 688 
 We compared PGOM to fossil eggshell of older geological age from Australia 689 
that is probably dromornithid in origin. If PGOM was from the dromornithid G. newtoni, 690 
then it would be expected to share characteristics with the earlier members of this family. 691 
The early Miocene fossil shell, SAM P.42006 from Lake Ngapakaldi, is referred to a 692 
dromornithid based on the dual observations that its thickness indicates that it is from a 693 
bird much larger than an emu and that there are no other birds known from faunas of 694 
contemporary age. There are striking resemblances between the structures of PGOM 695 
eggshell and those of SAM P.42006, but also differences that raise concerns regarding a 696 
dromornithid affiliation for PGOM. Among similarities best observed via EBSD imagery, 697 
the two eggshell types share: similar elongated calcite crystals in their respective layers; 698 
comparable orientations of the C-axis in the three layers; similar texture (colour) and 699 
complex wiggly boundary morphologies of which some have low angles (grey lines). 700 
Both types have a crenulated/nodule-like surficial ornamentation to layer 3 and their layer 701 
3 is relatively thin (11-12% of shell thickness). However, the spherulites in layer 1 of 702 
PGOM are more fan-like, as indicated by the different colours around and above the 703 
nuclei than in SAM P.42006. In addition, the crystals are larger in layers 2 and 3 of 704 
PGOM, whereas they are thinner, and notably so in layer 3 of SAM P.42006.  705 
The pore canals of both PGOM and SAM P.42006 display a Y-shaped structure 706 
with slit-like apertures, similar to those in Leipoa ocellata and Alectura lathami (Table 1, 707 
Grellet-Tinner et al., in prep) and of nemegtosaurid titanosaurs (Grellet-Tinner et al., 708 
2004; Grellet-Tinner et al., 2012a). However, the pore canals in SAM P.42006 are 709 
clumped in double Ys as mentioned above. Both megapodes and PGOM have pore canals 710 
32  
associated with an internal network of canals, which would further facilitate gas 711 
exchange. The two megapodes, L. ocellata and A. lathami, are ectothermic incubators 712 
and lay eggs in mounds wherein heat from composting vegetation provides the heat but 713 
are also therefore exposed to high nesting relative humidities (Seymour et al., 1987). The 714 
titanosaur eggs, although not having actual preserved evidence of their nests, are 715 
associated with evidence for a high moisture content of the nest environment (Grellet-716 
Tinner et al., 2012b). Therefore, the pore structure shows that both PGOM and the 717 
dromornithid either had a nesting environment with a high relative humidity and/or a 718 
requirement to increase gas exchange through the shell. This pore structure is therefore 719 
congruent with data for the structure of the accessory layer whose form and presence 720 
provides antibacterial protection in humid environments whilst facilitating gaseous 721 
exchange.  722 
The distribution of certain elements through the shell layers is informative on the 723 
relationships of PGOM and SAM P.42006. While the distribution of the key elements 724 
phosphorus, magnesium and sulphur in the accessory layer of eggshell shows no pattern 725 
related to phylogeny within galloanseres, it differs markedly between PGOM and SAM 726 
P.42006. PGOM has phosphorus in the accessory layer, while SAM P.42006 does not. 727 
Conversely PGOM lacks sulphur, but SAM P.42006 has a significant sulphur component. 728 
We can think of no diagenetic process that would lead to sulphur being a significant 729 
component of only the accessory layer, so think that it is an original component in the 730 
shell of the putative dromornithid egg. In sum, these differences preclude a close 731 
relationship between the PGOM and the early Miocene dromornithid shell represented by 732 
SAM P.42006. 733 
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 734 
4.5. Resolving the problem of what bird laid the PGOM egg type  735 
PGOM displays a mosaic of oological characters that do not unambiguously 736 
support referral to any one contender taxon: rather they might be explained, either by it 737 
being laid by a large megapode, or by a dromornithid that for some reason laid an egg 738 
that was unexpectedly much smaller than that G. newtoni would have laid, assuming the 739 
normal relationships of mass versus egg size in birds. Either way, this bird existed at 740 
widespread localities in Australia (Miller, 1999, 2005) during the Pleistocene. Genyornis 741 
newtoni is the only dromornithid known from the extensive Australian Pleistocene record 742 
(Murray and Vickers-Rich, 2004), so if the PGOM shell derives from a dromornithid, 743 
then it must have been from this species and the eggs were inordinately smaller and 744 
otherwise differed from earlier dromornithids. For this to be so, the Genyornis lineage 745 
must have evolved miniaturization of its eggs late in its temporal history. While this is to 746 
our knowledge unprecedented, we explore some potential driving mechanisms for such 747 
change. Reduction in egg size would necessarily lead to increasingly altricial chicks, 748 
which would appear to be a disadvantage for large flightless birds that face an abundance 749 
of reptilian, mammalian and avian predators, such as were present in the Pleistocene of 750 
Australia (Molnar, 1991; Rich et al., 1991). Moreover, if Genyornis had adopted mound-751 
nesting strategies like most extant megapodes, it would not account for the small eggs 752 
that are represented by PGOM. Mound nesting strategies are associated with precociality, 753 
which in turn implies more energy stored in the eggs and hence relatively larger eggs. 754 
Megapodes lay eggs that average 3.5 times larger (Grellet-Tinner et al., in prep) than that 755 
expected for similar sized galliforms with a typical sit-on incubating behaviour 756 
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(Marchant and Higgins, 1993). The PGOM, as exemplified by the Spooner Egg, is too 757 
small for one expected from a bird the size of G. newtoni, which is the reverse trend of 758 
that expected of a mound building bird, where a larger than expected egg would be 759 
predicted. In addition, the phalangeal and ungual morphology in the G. newtoni pes – 760 
they lack digit 1 and all the unguals are very reduced in size – do not support extensive 761 
digging or soil scratching behaviour, such as seen in A. lathami or L. ocellata, which 762 
have highly specialized feet with a large digit 1 and elongate dorsoventrally flattened 763 
unguals. Therefore, the hypothesis that G. newtoni used a mound-nesting incubation 764 
strategy does not explain it potentially having unexpectedly small eggs. We can identify 765 
no driving mechanism for such miniaturization of eggs late in a lineage history. Together 766 
with structural differences (listed above) and that in the accessory layer, phosphorus is 767 
present in PGOM but not in the dromornithid shell, and sulphur in the dromornithid but 768 
not PGOM, makes the con-familiarity of PGOM and dromornithids unlikely. 769 
There is another potential candidate in the Pleistocene fossil avifaunal record of 770 
Australia, one not considered by Williams (1981). Progura is a genus of large 771 
megapodes, currently with two described species (Van Tets, 1974), known from 772 
widespread localities across the Australian continent. The proposed synonymy of 773 
Progura naracoortensis with Progura gallinacea by Boles (2008: 199) is rejected here 774 
because the tarsometatarsi of these taxa differ substantially. In the type series of P. 775 
gallinacea, the tarsometatarsi QMF1143 and F5556 together indicate a total length for 776 
this element of 147 mm, or a length 39% longer than the largest tarsometatarsus of P. 777 
naracoortensis (106 mm), yet they have similar proximal and distal widths (Pers. observ. 778 
THW). Moreover the proposed synonymy of Progura with Leiopoa by Boles (2008) is 779 
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also not accepted herein, as numerous differences occur between the species over most 780 
post cranial elements, but this is the subject of ongoing work (THW unpubl. data). 781 
Regardless, these issues do not affect the observation that giant and now extinct 782 
megapodes were widespread in Australia and are a potential candidate for the bird/s that 783 
laid PGOM.  784 
The species of Progura are large birds, for example, the smaller P. naracoortensis 785 
had a mean femur length of 109.4 mm and a maximum of 113 mm (Boles, 2008). Using 786 
the algorithm relating female mass to femur length from Field et al. (2013) a predicted 787 
mass for female Progura is 4914 g, slightly heavier than 4794 g, an estimate derived 788 
from the equivalent algorithm from Prange et al. (1979). Plotting the value derived from 789 
Field et al. with the length of the Spooner egg and similar data using mean values from 790 
16 megapode taxa (Schönwetter, 1960–67) shows that the Spooner Egg at 126 mm long 791 
is not unexpectedly large for Progura with a mean female mass of 4914 g (Fig. 11). 792 
While the size of the Spooner Egg as assessed by length is appropriate for an egg 793 
laid by Progura, its width at 97 mm, or about 77% of length, is unexpectedly wide for a 794 
megapode. The 16 megapode taxa contributing data to Fig. 11 have more elongate eggs 795 
(mean width 62.5% of length, range 58.4-67.3%, standard deviation 0.0240). However, 796 
the modern Macrocephalon maleo in Sulawesi lays eggs that are six times the weight of 797 
that of a chicken of the same size. The width of these eggs, although not reaching 77% of 798 
length, is greater than that of other megapodes. 799 
The PGOM shares with megapodes a well-developed mineralized accessory layer, 800 
that fills all hollows and occludes pore apertures, and has both magnesium and 801 
phosphorous in it. Also, these taxa share a similar pore canal system, and similarly thin 802 
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layer 3, and a nodular outer surface to layer 3. However, the accessory layers of both A. 803 
lathami and L. ocellata are proportionally much thicker than that observed in PGOM. 804 
Although this difference could reflect relative thickness of the accessory layer in the 805 
freshly laid egg, we have shown that the degree of erosion of PGOM specimens clearly 806 
influenced the thickness or even its presence. Therefore, its original biological thickness 807 
cannot be assessed with certainty. Moreover, all the observed megapode eggs are 808 
specimens that have been blown for museum collections. In addition, we are not aware of 809 
any description of eggshell from a hatched megapode egg, hence the possible 810 
morphological differences in the accessory layer between freshly laid eggs and those that 811 
have completed incubation, as most PGOM must be, are unknown. PGOM material 812 
differs from that of the two examined megapodes in lacking sulphur in their accessory 813 
layer (Table 2; Grellet-Tinner et al., in prep), but this varies even within anserines, so is 814 
perhaps not important. Also, as noted above, the structure of the accessory layer differs 815 
between PGOM and the mound-building megapodes (Leipoa and Alectura) examined, 816 
with that in PGOM having rounded non-spherical phosphatic structures, rather than 817 
spherical ones. The spherical structures conferred superhydrophobicity properties to the 818 
eggshell of the megapodes and grebes so conferring protection from bacterial infection 819 
(Board et al., 1982, 1984; D’Alba et al., 2014). As the accessory layer in PGOM is 820 
instead comprised of varying-shaped rounded yet non-spherical structures, it may have 821 
lacked such super hydrophobic properties. Again, as reported above, this variation is seen 822 
within both galliforms and anseriforms, so it appears not of phylogenetic significance. 823 
But the mere presence of this thick amorphous layer potentially protected the egg from 824 
drying out (as does mulch on a soil surface), from bacterial contamination of the ovum by 825 
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occluding the pore apertures, and the phosphatic chemistry of it would have protected the 826 
shell from dissolution in soil environments. 827 
These differences indicate that if the PGOM is attributable to Progura species, 828 
then it deviates from the patterns seen in extant megapodes. This could be expected 829 
because Progura species are atypical in other ways. Firstly, a non-trivial difference is that 830 
all species are extinct, so their biology must have differed from that of surviving 831 
megapodes. Their feet do not display any morphological traits indicating that they 832 
regularly dug or scratched the earth (pers. observ. THW). For example, they have 833 
laterally compressed and short unguals similar to those of Macrocephalon maleo, not 834 
elongate and dorsoventrally flattened ones that typify the species that build mounds, and 835 
the fossa parahypotarsalis medialis on the tarsometatarsus, which houses the muscles for 836 
retracting the toes, is extremely shallow, rather than very enlarged and deepened, as in all 837 
mound-building megapodes (pers. observ. THW). In sum, these features indicate that 838 
Progura species were not specialized or adapted to digging and thus likely did not bury 839 
their eggs in mounds. But, as all megapodes are obligate ectothermic incubators (Jones et 840 
al., 1995), Progura species would have probably had this trait, and so would be expected 841 
to lay their eggs where external heat was available. Over much of Australia, dunes were a 842 
readily available site type that would have allowed this. Therefore, like M. maleo, species 843 
of Progura likely just scratched a shallow hole in the sand into which they laid their eggs. 844 
It is notable that PGOM has usually been found in eroding dunes (Miller et al., 1999, 845 
2005), indicating that these eggs were very often, even if not solely, laid in dunes. We, 846 
therefore, advance the suggestion that the fossil eggshell presently referred to Genyornis 847 
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newtoni, is more likely to have been laid by a giant, now extinct megapode, for which 848 
several species of Progura are good potential candidates.  849 
If this hypothesis is accepted or proven to be correct, there are some 850 
ramifications. Through extensive research on PGOM eggshell by Miller (1999, 2005), the 851 
disappearance of Genyornis newtoni has become accepted as the most well-dated 852 
megafaunal extinction in Australia, with birds common to about 50 ka having ceased to 853 
exist by 45 ka simultaneously in several widely separated regions. Our hypothesis does 854 
not alter the fact that a major extinction event occurred: it does, however, suggest that the 855 
species in question was not Genyornis newtoni, but rather were species of Progura. 856 
The identity of PGOM has implications for the dietary reconstructions advanced 857 
by Miller et al. (1999, 2005) for Genyornis. Miller et al. (1999, 2005) found that 858 
reconstructed dietary δ13C for 207 Genyornis eggshells, i.e. PGOM, that were laid 859 
between 140 and 50 ka averages -19.6 per mil (standard deviation 2.39) with a range of 860 
about -14 to -25. This range was considerably narrower than that for Dromaius prior to 861 
44 ka (-22.38, -11 to -28%), but relatively enriched compared to the mean and range for 862 
Dromaius since 44 ka (-25.27%, -18 to -29). Miller et al. (1999, 2005) assumed that the 863 
PGOM bird was Genyornis and therefore that it was a browser of plants, as is Dromaius. 864 
In that context, they therefore assessed the diet as some proportion of C3 or C4 plants, 865 
which have δ13C values averaging -26.3±2.0% and -13.7 ± 0.7%, respectively. So the 866 
restriction in dietary breadth seen in Dromaius was interpreted by Miller et al. (2005) as 867 
due to a reduction in C4 plant dietary components after 44 ka. In this context, it is 868 
significant that while the dietary δ13C for Dromaius formerly wholly overlapped the 869 
range predicted for a diet that was 100% C4 plants and broadly overlapped that for C3 870 
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plants (Miller et al., 2005: Fig 2), in Genyornis (=PGOM) it barely overlapped the C4 871 
range. This might suggest that Genyornis (=PGOM) ate limited C4 browse.  872 
However, if PGOM is of a giant megapode, then the diet was likely not one 873 
derived mostly from browsing of plants, as it is in Dromaius novaehollandiae (see e.g., 874 
Marchant and Higgins, 1990). Megapodes are opportunistic ground foragers, are 875 
omnivorous, eating a wide variety of foods including seeds and fruits, insects, and small 876 
vertebrates (Marchant and Higgins, 1993; Jones et al., 1995). Therefore, such an 877 
invertebrate component to the diet would lead to relatively enriched dietary carbon 878 
compared to an obligate browser. Such enriched values are seen in eggshell of Alectura, 879 
see Clarke et al. (2007). A diet for the PGOM bird that had a much greater arthropod 880 
component to it than seen in Dromaius would explain the relatively enriched dietary 881 
δ13C values for PGOM compared to those of the post 44 ka Dromaius diet lacking C4 882 
plants. Therefore the isotopic composition of the eggshell and how it differs from that of 883 
Dromaius eggshell may conceivably be explained by the identity of PGOM as having 884 
been laid by a giant megapode. 885 
If this is so, then it follows that there is no evidence for the diet of G. newtoni and 886 
very little is known about when it went extinct. This is supported by the rarity and 887 
restricted distribution of bones of this bird (Rich, 1979; Murray and Vickers-Rich, 2004). 888 
Moreover, no bones are well dated, and very few are conceivably <100 ka. This skeleton 889 
rarity does not accord well with the abundance of eggshell attributed to the species G. 890 
newtoni, because the giant bones of this species would be noted if present with the shell, 891 
as are moa bones with moa eggshell in New Zealand dunes (Worthy and Holdaway, 892 
2002). Even if G. newtoni had specialized nesting grounds in dunes separate from its 893 
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usual feeding habitat, some birds would have died when breeding, so their total absence 894 
with PGOM probably means they were not the depositor of this ootype. Conversely, the 895 
very much smaller bones of Progura spp. would have very limited exposure life in dune 896 
environments and likely would have been overlooked in the context of PGOM and until 897 
now would not have been considered relevant. 898 
The observations above in our view exclude the possibility that PGOM was laid 899 
by a dromornithid, but nevertheless, similarities in structure of eggshell in megapodes, 900 
PGOM and dromornithids (e.g. Y-shaped pore canals with slit-like apertures), to the 901 
exclusion of anseriforms including Anseranas, raise the possibility that these taxa are 902 
phylogenetically more closely related to each other than any is to anseriforms. 903 
Specifically, this means that dromornithids might be sister to galliforms rather than to 904 
anseriforms (Murray and Megirian, 1998; Murray and Vickers-Rich, 2004) or to 905 
galloanseres (Mayr, 2011). 906 
 907 
5. Conclusions 908 
We have described in detail the structure of putative Genyornis eggshell and 909 
raised several obstacles to the hypothesis first advanced by Williams (1981) and accepted 910 
thereafter (Miller et al., 1999, 2005), that this ootype was laid by the giant dromornithid 911 
G. newtoni. Rather, we think it more likely that it was laid by one of the several species 912 
of giant megapodes in the genus Progura that were widespread in the Pleistocene in 913 
Australia. 914 
 915 
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Table 1. The age calculated for the Spooner Egg is shown along with the measured 1106 
palaeodose, radionuclide concentrations and calculated dose-rates. 1107 
 1108 
Spooner Egg ANUOD1320 
Altitude (m) 12 
Burial depth (m) 2 
Water content (%) 5 ± 2 
Quartz grain diameter ( m) 107.5 ± 17.5 
Palaeodose (Gy) 69.8 ± 2.3 
NAA/DNA    
U (ppm) 0.68 ± 0.12 
Th (ppm) 4.32 ± 0.10 
K (%) 0.71 ± 0.06 
ICPMS    
U (ppm) 0.62 ± 0.05 
Th (ppm) 3.77 ± 0.11 
XRF    
K (%) 0.73 ± 0.02 
Mean concentrations: for α and β dose-rates    
U (ppm) 0.65 ± 0.13 
Th (ppm) 4.05 ± 0.15 
K (%) 0.72 ± 0.06 
NaI in-situ spectrometry: for γ dose-rate    
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U (ppm) 0.75 ± 0.04 
Th (ppm) 3.72 ± 0.09 
K (%) 0.66 ± 0.01 
ICPMS: internal activity    
U (ppm) 0.11 ± 0.01 
Th (ppm) 0.41 ± 0.02 
Cosmic ray dose-rate (Gy/ka) 0.17 ± 0.02 
Dose-rate components (Gy/ka)    
Internal alpha dose-rate 0.02 ± 0.01 
Internal beta dose-rate 0.01 ± 0.00 
External alpha dose-rate 0.02 ± 0.01 
External beta dose-rate 0.67 ± 0.05 
External gamma dose-rate 0.40 ± 0.01 
Total dose-rate (Gy/ka) 1.28 ± 0.06 
Age (ka) 54.7 ± 3.1 
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Table 2. Structural and chemical characteristics of eggshell for PGOM and compared taxa. Abbreviations: L1, layer 1; L2, layer 2; L3 
layer 3; L3 measurements do not include the thickness of the accessory layer and averaged the height of the nodular ornamentation 
when present. All measurements were made from EBSD and SEM images.  
  
Taxon Anseranas Cereopsis Cygnus  Numida Lagopus Crax Leipoa Alectura PGOM P.42006 
Shape spherulites L1 barrel-like  barrel-like barrel-
like 
elongated barrel-like barrel-like elongated elongated elongated elongated 
% thickness L1  34 42 34.5 47 42.5 51 45.5 42 45 34+B 
% thickness L2  54 38 44 31 37 33 36.5 44 43 54 
% thickness L3 12 20 21.5 22 20.5 16 18 14 11 12 
Crystals C-axis in L2 -   angle # 
from L1 
 angle # 
from L1 
 angle # 
from L1 
 angle # 
from L1 
 angle # 
from L1 
 angle # 
from L1 
angle # 
from L1 
angle # 
from L1 
angle close to 
L1 
 angle 
close to L1 
L3 (micro appearance) undulating nodular smooth nodular smooth undulating undulating nodular undulating undulating 
% thickness Accessory Layer  2-6%A 4% 0.6% ?  NA 1.1%  5.5% 6% 1.2-1.6%  1% 
erosion? 
Accessory Layer  
micro appearance 
spheres Irregular 
rounded, 
non-
spherical 
spheres spheres NA Irregular 
rounded, 
non-
spherical  
spheres spheres Irregular 
rounded, non-
spherical  
Irregular 
rounded, 
non-
spherical 
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shape  shape  
Mg in Accessory layer Yes Yes Yes Yes Yes Yes Yes Yes Yes weak Yes 
P presence in Accessory 
layer 
Yes Yes Yes Yes Yes Yes Yes Yes Yes No 
S presence in Accessory 
layer 
Yes Yes No No No Yes Yes Yes No Yes 
Pore canal shape linear linear linear linear linear linear Y-shape Y-shape Y-shape Y-shape 
Pores with lateral canal 
network 
? ? ? no ? ? ? Yes Yes No 
Pore shape on surface round round, 
clustered 
round 
occluded 
round 
occluded 
round Round, 
occluded  
Slit, 
occluded  
Slit 
occluded  
slit slit 
clustered 
           
 
A. deepest close to pore apertures, accessory layer fills hollows between undulating surface of L3. 
B. This value is an underestimate as layer 1 is either eroded or resorbed to some degree as described in the text. 
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Figures 
 
Fig. 1. A. Comparison of SAM P.42421, the ‘Spooner Egg’, left, attributed to 
Genyornis newtoni, and an emu egg (Dromaius novaehollandiae) SAM B.9899. B, 
Comparison of femora of Genyornis newtoni SAM P13864 and a 22 cm long 
Dromaius novaehollandiae femur (FUR 058). C. The Spooner Egg as partly 
excavated revealing its intact nature; photograph by Gifford Miller, INSTAAR, 
Colorado. D. The Spooner Egg in situ as found by NS on 23rd July 2000, photograph 
by Gifford Miller using a reflex camera, and is the best image taken of the egg prior to 
excavation. Scale bars in A and B = 10 cm. [page width] 
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Fig. 2. Eggshell structural components: A, SEM of a radial section of an eggshell of 
Alectura lathami (Australian brush turkey) from an egg in which the embryo had not 
developed or was infertile; B, High magnification SEM of the contact between layer 3 
and the accessory layer showing the elongated calcite crystals of layer 3; C, High 
magnification SEM of the contact between the accessory layer and layer 3 showing 
the spherule shape of the amorphous calcite in the accessory layer that blankets layer 
3; D: High magnification SEM of the base of the eggshell showing the organic 
filaments of the eggshell membranes that are embedded at the base of the calcitic 
eggshell units and the pore canals that open into cavities formed between the eggshell 
units; E: High magnification SEM of the base of the eggshell units showing the 
radiating calcite crystals that grow outward to form the eggshell units. Abbreviations: 
L1, layer 1; L2, layer 2; L3, layer 3; AL, accessory layer; MT, membrana testacea 
(eggshell membranes); PC, pore canal; No, surface nodule; Nu, eggshell nucleus. 
[column width] 
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Fig. 3. Australian Slide dose-response curve for the Spooner Egg showing the 
combined additive and regenerative dose growth curves; data point values were 
calculated from the integrated OSL light sum, shine normalised and background 
subtracted. Additive dose data is represented as black circles, regenerative dose data 
as red triangles. [column width] 
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Fig. 4. Images of PGOM eggshell from sample FU2741 that are fragments of a single 
egg. A, overview of reconstructed section of shell showing how unweathered pieces 
fit to a relatively weathered fragment. B, detail of two fragments of the same egg, one 
well weathered showing pore apertures (left) and one (right) showing how weathering 
or erosion has only affected half of a fragment exposing the pore apertures only part 
of the area. C, enlargement of B. [column width] 
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Fig. 5. Scanning electron micrographs of samples from the Spooner Egg SAM 
P.42421. A, Overview of a cross section through the shell showing the low undulating 
exterior surface, the extent of layer 1 (L1), layer 2 (L2) and layer 3 (L3) and a pore 
(P); B, Detail of the exterior layers of the shell showing layer 3 (L3); C. Detail of the 
nodular feature shown in (B); D, detail the upper section of the pore canal in A. 
Abbreviations: L1, layer 1; L2, layer 2; L3, layer 3; Pa, Pore aperture; Pc, pore canal. 
[page width] 
 
 
Fig. 6. Micro CT scan reconstruction of specimen the Spooner Egg SAM P.42421 (A 
and C) and dromornithid shell SAM P.42006 (B and D) collected at Lake Ngapakaldi. 
with the pore canals depicted in blue showing progressive removal of the shell. Pore 
canals are numerous and quite ubiquitous and originate between the surficial nodules. 
Although both shells display Y-shaped pore canals, the Y connections in SAM 
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P.42006 are located more frequently in mid layer 2 in contrast to SAM P.42421 that 
are in upper section of layer 2 and lower section of layer 3. SAM P.42421 Y-shaped 
canals are not wider than any of the two merging branches. However, the SAM 
P.42006 reconstruction exhibits in a few instances canals with wider cross sections at 
their base closer to the eggshell inner surface. [column width] 
 
 
Fig. 7. SEM images of PGOM eggshell from sample FU2741, A, View of the 
Accessory layer (arrowed) that covers the surface of the unweathered fragments. B, 
Detail showing how the granular structure of the Accessory Layer fills pore apertures. 
C, Overview of the shell showing distribution of layers, layer 1 (L1), layer, 2 (L2), 
and a section through a pore canal; Layer 3 (L3) above L2 is not distinct from the AL 
in this low magnification SEM. D. Lower section of C that exhibits three pore canals 
(Pc). Abbreviations: L1, layer 1; L2, layer 2; L3, Pc, pore canal; AL, accessory layer. 
[page width] 
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Fig. 8. EBSD and EDS images of PGOM eggshell (FU 2741) attributed to Genyornis 
newtoni. A, EBSD of the cross section of the shell showing layers 1 – 3 (L1-L3) with 
the accessory layer not visible due to its lack of crystallization. The gently undulating 
nature of layer 3 is noticeable. The structure of the crystal alignments is very 
columnar and thus similar to that of both GNOP samples and megapodes. B, EDS of 
magnesium concentration in the mammillary cone tips and in the Accessory Layer. 
The inner eggshell surface is orientated to the left. C, EDS of phosphorus 
concentration in the Accessory Layer. The inner eggshell surface is orientated to the 
left and enhanced concentrations are brighter. Scale bars in all images 0.5 mm. D, 
Explanation of the colour coding in EBSD. The colours show the calcite crystal 
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direction that is parallel to shell normal direction. Red colours indicate that the c-axis 
is normal to the shell surface, whereas green and blue colours show that the c-axis lies 
within the shell plane, with a- or m- axes aligned normal to the shell surface. 
Abbreviations: L1, layer 1; L2, layer 2; L3, layer 3. [page width] 
 
 
Fig. 9. EBSD and EDS images of indeterminate fossil eggshell, SAM P.42006 from 
Lake Ngapakaldi, South Australia and of early Miocene age, that is most probably 
from a dromornithid. A, EBSD of the cross section of the shell showing layers 1 – 3. 
The gently undulating layer 3 is noticeable and erosion to layer 1 has removed the tips 
of the mammillary cones. The structure of the crystal alignments is very columnar and 
thus similar to that of both PGOM samples and megapodes; B, an SEM image of the 
upper shell section with two adjacent Y-shaped pore canals; C, EDS of magnesium 
concentration in the mammillary cone tips and in the Accessory Layer. The inner 
eggshell surface is orientated to the left; D, EDS of sulphur concentration in the 
mammillary cone tips. The inner eggshell surface is orientated to the left. Scale bars 
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in all images 0.5 mm. See Figure 8 for Explanation of the colour coding in EBSD. 
Abbreviations: L1, layer 1; L2, layer 2; L3, layer 3; Pc, pore canal. [page width] 
 
 
Fig. 10. SEM images of galloansere taxa compared to PGOM material and Miocene 
shell attributed to a dromornithid to show the extent of the accessory layer. Note, in E 
there is no accessory layer with the surface of L3 the outermost layer in the fresh shell 
– the amorphous material on top of L3 is pen ink. In H, erosion has removed some of 
L3 and the accessory layer whose presence is inferred from the material infilling the 
pore similar to that seen in Cygnus (B) and Leipoa (F). A, Anseranas semipalmata, 
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SAM B.14591; B, Cygnus atratus, SAM B.19678; C, Cereopsis novaehollandiae, 
SAM B.37307; D, Crax mitu, SAM B.31344; E, Lagopus lagopus, SAM B.11246; F, 
Leipoa ocellata, AM A20298d; G, PGOM, FU2741; and H, dromornithid, SAM 
P.42006. Abbreviations: AL, accessory layer; L3, layer 3; L2 layer 2. Scale bars: A, B 
and D are 10 microns, C, F-H are 50 microns. 
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Fig. 11. Plot of mean egg length for 16 megapode taxa (Megapodius forsterii, M. n. 
nicobaricus, M. r. reinwardt, M. r. tumulus (=yorki), M. decollatus (=affinis 
jobiensis), M. e. eremita, M. f. freycinet, M. l. laperouse, M. pritchardii, Eulipoa 
wallaci, Leipoa ocellata, Alectura lathami, Talegalla cuvieri, T. fuscirostris, T. 
jobiensis, Macrocephalon maleo) from Schönwetter (1960–67) against female mass 
for the same taxa from Jones et al. (1995) with the calculated mass of Progura 
naracoortensis (4914 g) plotted with the Spooner Egg. The fitted regression has R2 
value of 0.83323. Mass of Progura was calculated from the regression of femur 
length to mass from Field et al. (1979) using mean femur length of 109.4 mm (Boles 
2008). The Spooner Egg, at 126 mm, is of appropriate size for a megapode the size of 
Progura. 
 
 
